Listeria monocytogenes raises major food safety and public health concerns due to its potential for severe foodborne disease and persistent colonization of food processing facilities. Copper is often employed to control pathogens in agriculture and is increasingly used in healthcare facilities, but mechanisms mediating tolerance of L. monocytogenes to copper remain poorly understood. A mariner-based mutant library of L. monocytogenes 2011L-2858, implicated in the 2011 listeriosis outbreak via whole cantaloupe, was screened for growth at sublethal levels of copper yielding mutant G2B4 with decreased copper tolerance. The transposon was localized in pbp4 (lmo2229 homolog), encoding a penicillin-binding protein (PBP). In addition to reduced copper tolerance, G2B4 exhibited increased susceptibility to β-lactam antibiotics, reduced biofilm formation and reduced virulence in the Galleria mellonella model. Mutant phenotypes were fully restored upon genetic complementation of G2B4 with intact pbp4. Findings provide the first evidence for the role of a PBP in copper tolerance of L. monocytogenes and suggest that pbp4 may be a suitable target to enable the use of lower levels of copper or enhance the effectiveness of levels currently in use. Given the wide distribution of PBPs and their highly conserved nature, this could have profound impacts in regard to ecology and control of L. monocytogenes and other microorganisms.
INTRODUCTION
The foodborne pathogen Listeria monocytogenes is the causative agent of the disease listeriosis that can have severe symptoms including meningitis, septicemia, stillbirths and abortions in atrisk populations and remains a leading contributor to foodborne hospitalizations and deaths in the United States and other industrialized nations (Scallan et al. 2011; Charlier et al. 2017) . Listeria monocytogenes can be found ubiquitously in nature and possesses numerous adaptations for survival in a wide range of conditions, either as a saprophyte or as a facultative intracellular pathogen (Gandhi and Chikindas 2007; Vivant, Garmyn and Piveteau 2013) . In addition to being able to survive in a wide array of environments, L. monocytogenes is adept at colonizing and persisting in food processing plants, in some cases for years (Gandhi and Chikindas 2007; Freitag, Port and Miner 2009; Carpentier and Cerf 2011) . For these reasons, many control strategies have been employed in the food industry to exclude L. monocytogenes from the food supply. Genetically complemented derivative of G2B4 with integrated pPL2 harboring lmo2229 (pPL lmo2229) Thisstud y G2B4::ppl2 G2B4 derivative with integrated empty shuttle vector pPL2 (Lauer et al. 2002 ) T h i s s t u d y
Copper is routinely added to cattle and other food animal diets, as it is an essential element (Hasman et al. 2006) . It has also long been used for pathogen control in agriculture, being one of the few chemicals approved for use in organic agriculture (Jesse, Roberts and Cavet 2014; USDA 2015; Nunes et al. 2016) . More recently, copper has begun to be incorporated into door handles and other surfaces in hospitals to mitigate pathogen colonization and transmission (Michels et al. 2005; Wilks, Michels and Keevil 2006; Mikolay et al. 2010) . Listeria monocytogenes survival was greatly reduced on copper-based alloys in comparison to stainless steel (Wilks, Michels and Keevil 2006) . While excessive extracellular copper is lethal to L. monocytogenes and other microbes, copper is an essential element for many key bacterial enzymes (Corbett et al. 2011) . Thus, maintaining appropriate intracellular copper levels is critical for cell survival.
Even though intracellular levels of copper must be tightly regulated to ensure bacterial survival, mechanisms by which this is accomplished in L. monocytogenes remain poorly understood (Waldron and Robinson 2009; Jesse, Roberts and Cavet 2014) . The chromosomal csoR-copA-Z cassette is widely distributed in L. monocytogenes; it maintains appropriate levels of intracellular copper by sensing cytoplasmic levels and either activating or suppressing the CopA efflux pump (Corbett et al. 2011; Chang et al. 2014) . Another copper-transporting P-type ATPase, CtpA, is harbored by certain L. monocytogenes plasmids and mediates copper efflux impacting not only copper tolerance but also virulence (Francis and Thomas 1997) . A putative copper-translocating Ptype ATPase and a multi-copper oxidase were also frequently identified via sequence analysis of L. monocytogenes plasmids (Kuenne et al. 2010) . Taken together, the varied nature, wide distribution and presence of mobile genetic elements such as plasmids suggest the importance of copper homeostatic genes.
In 2011, the largest documented outbreak of human listeriosis to date involved contaminated whole cantaloupe and resulted in 147 cases and 33 deaths (McCollum et al. 2013) . Listeria monocytogenes of serotype 1/2b was implicated in 27% of the cases and 30% of the deaths in this outbreak, and was also isolated from whole cantaloupe and environmental samples in the packing facility (McCollum et al. 2013; Garner and Kathariou 2016) . Based on multilocus sequence typing, this strain had sequence type 5 (ST5) and clonal complex 5 (CC5), a highly diverse CC frequently implicated in human listeriosis, including multiple recent outbreaks, e.g. via Hispanicstyle cheese (2013) and ice cream (2010) (2011) (2012) (2013) (2014) (2015) (Cantinelli et al. 2013; Chen et al. 2016; Moura et al. 2016) . Potentially unique adaptive attributes of these strains remain largely unidentified. Here we investigated copper homeostasis of L. monocytogenes 2011L-2858, a CC5 serotype 1/2b strain implicated in the 2011 cantaloupe outbreak of listeriosis, by screening a mutant library of this strain for mutants with impaired tolerance to copper.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Listeria monocytogenes strains used in this study are listed in Ta 
Mariner-based transposon mutant construction, characterization and complementation
A transposon mutant library of strain 2011L-2858 (approx. 2000 mutants) was generated and screened for growth on BHIA with 10 mM copper (II) sulfate pentahydrate (Acros Organics, Geel, Belgium) as described by Cao, Bitar and Marquis (2007) and Parsons et al. (2017) . Transposon copy number and location in mutant G2B4 were determined as described by Cao, Bitar and Marquis (2007) and Azizoglu and Kathariou (2010) . To determine transposon location, polymerase chain reaction (PCR) primers tF (5 -AATCGTGGCTGACTCTAAGC-3 ) and tR (5 -ATGGTAACAGTAATATCTACCC-3 ) were designed based on sequences flanking the insertion site ( Fig. 2 ) and the resulting PCR product was sequenced (Genewiz Inc., Morrisville, NC, USA). To genetically complement G2B4, primers cF (5 -GATCCCCGGGATTCCAATTCCTTTCCGGCG-3 , XmaI restriction site underlined) and cR (5 -GATCGGTACCTGTACTCAC CTCATTCTTTTGT-3 , KpnI restriction site underlined) were used to generate a fragment consisting of 2142 nts of the pbp4 coding sequence as well as 219 and 109 nts upstream and downstream, respectively. The PCR product was digested with XmaI and KpnI (New England Biolabs, Ipswich, MA, USA), ligated using T4 DNA ligase (Promega, Madison, WI, USA) into similarly-digested shuttle vector pPL2 (Lauer et al. 2002) yielding pPLlmo2229, and electroporated into E. coli S17-1 (Simon, Priefer and Pühler 1983) , yielding E. coli S17-1 (pPLlmo2229). The recombinant plasmid was mobilized into G2B4 via conjugation as described by Parsons et al. (2017) , yielding G2B4::pbp (Table 1 ). The empty vector pPL2 was similarly mobilized into G2B4, yielding G2B4::pPL2 (Table 1) .
Determinations of resistance to metals and antibiotics
Minimum inhibitory concentrations (MICs) were determined using the agar dilution method as described by Parsons et al. (2017) . Cadmium chloride, sodium arsenate, sodium arsenite and zinc sulfate were tested at levels described previously by Parsons et al. (2017) . All other agents were tested on BHIA and included ceftiofur (10, 20, 32, 48, 64 and 80 μg/ml) , copper (II) sulfate pentahydrate (2, 5, 6, 7.5, 8, 10, 11, 12 .5 and 15 mM), penicillin G (0.06, 0.12, 0.18, 0.25, 0.5 and 0.75 μg/ml), vancomycin (1, 4, 8 and 16 μg/ml), benzalkonium chloride (1-20 μg/ml) and NaCl (0.3-2 M). The efflux inhibitor reserpine (Sigma-Aldrich) was used at 40 μg/ml in at least two independent trials, with MICs also determined in the absence of reserpine as controls.
Atomic absorption spectrophotometric analysis
Listeria monocytogenes 2011L-2858 and G2B4 were grown in BHI in the presence of 1 mM CuSO4 for eight hours at 37
washed twice with sterile PBS, resuspended in 7% HNO3 with 0.1% Triton X-100 and incubated overnight at 60
• C. Samples were centrifuged and the supernatant was used for analysis via atomic absorption spectrophotometry (Perkin Elmer 3100, Norwalk, CT, USA). Copper concentration was measured by flame aspiration at 324 nm based on absorbance values of copper standards, and concentrations were normalized for optical density.
RNA extraction and transcriptional assessments
RNA extractions were done as described by Parsons et al. (2017) using mid-to-late-logarithmic phase cultures (OD 600 of 0.7-1.0, as measured by SmartSpec 3000; Bio-Rad, Hercules, CA, USA). The culture was divided into two portions, one of which was exposed to copper (3 mM) and incubated for an additional 30 min at 37
• C while the other was similarly incubated without addition of copper. Quantitative real-time PCR (qPCR) was as described by Parsons et al. (2017) , with primers qPBPF (5 -AGTGGCTTCATTGTGGAACC-3 ) and qPBPR (5 -CATTAGAGCGCTTGTTGGTG-3 ) designed using Primer3Plus (http://primer3plus.com/), with spoVG used as control (Dutta et al. 2014) . Experiments were repeated in at least three independent trials. Fold change calculations used the 2 − CT method normalizing for expression of spoVG, as described by Dutta et al. (2014) . Reverse transcription PCR was carried out as described by Parsons et al. (2017) , using primers pbp4RTF (5 -GGTTCCACAATGAAGCCACT-3 ) and PEG2745RTR (5 -ATAAAGTAGGCAATTGGGCC-3 ) to amplify a fragment spanning both lmo2228 and lmo2229.
Assessment of biofilm formation and colonization of cantaloupe
Biofilm formation was assessed in 96-well polystyrene plates (Greiner Bio-One, #655-185, VWR, Suwanee, GA) using the crystal violet assay, as described by Parsons et al. (2017) . Each strain was tested in 8 wells per trial and at least three independent trials. Cantaloupe rind adherence and growth colonization assays were as described by Martinez et al. (2016) and Parsons et al. (2017) .
Virulence assessment in Galleria mellonella model
Preparation of bacterial suspensions and inoculation into larvae of the greater wax moth Galleria mellonella were done as described by Parsons et al. (2017) . Larvae were monitored for survival over seven days at 37 • C. Assessments were conducted in at least three independent trials. 
Statistical analyses
Statistical evaluation of qPCR experiments employed a paired Student's t-test of resulting Ct values. For statistical analysis of growth and adherence on produce one-way analysis of variance (ANOVA) with a Tukey's test was used at P < 0.05 (SPSS version 22, IBM Corporation Software Group, Somers, NY, USA). For G. mellonella virulence data, a non-parametric proportional hazards survival model in JMP (SAS Institute, Cary, NC, USA) was used. All strains were analyzed in a pairwise fashion and significance was determined at P < 0.05 level. Biofilm data were analyzed using a paired Student's t-test (P < 0.05).
RESULTS AND DISCUSSION
Inactivation of pbp4 confers enhanced susceptibility not only to wall-active antimicrobials but also to copper
Screening of a mariner-based transposon mutant library (approx. 2000 mutants) of L. monocytogenes 2011L-2858 yielded one mutant, G2B4, that failed to grow on BHIA with 10 mM copper sulfate ( Fig. 1 and Table 2 ). G2B4 was confirmed to have reduced copper tolerance with copper MIC of 6 mM, in contrast to 12 mM for the parental strain 2011L-2858 (Table 2) . Southern blots confirmed that G2B4 harbored a single insertion of the transposon (data not shown). PCR and sequencing localized the transposon insertion site to four nucleotides 5 of the start codon of pbp4 (lmo2229 homolog), in the intergenic space between a putative penicillin-binding protein (pbp4) and the lmo2230 homolog encoding a putative arsenate reductase (Fig. 2 ). While pbp4 is followed by a series of genes transcribed in the same direction (Fig. 2) , the sequence data suggest the presence of a Rho-independent terminator immediately 3 of the pbp4 coding region (Fig. 2) . Furthermore, lmo2229 transcript size in strain EGDe was previously shown to correspond to the coding sequence of pbp4 (∼2.1 kb) (Gravesen et al. 2004) , suggesting that pbp4 is a monocistronic unit. The collective data suggest that the G2B4 phenotype is unlikely to be due to polar effects of the transposon insertion on downstream genes. As previously stated, G2B4 was the only mutant out of the library to be found with increased sensitivity to copper. Given the size of the mutant pool, it was surprising that more copper sensitive mutants were not identified, particularly with insertions in copper specific metal transporters, this may suggest some bias on the part of the transposon against such sequences or that a larger library would be required to capture them. In addition to the reduced copper tolerance, mutant G2B4 exhibited reduced MIC for penicillin G and other β-lactam antibiotics, including ampicillin and the cephalosporin ceftiofur ( Fig. 1 and Table 2 ). Similar findings were reported with inactivation of pbp4 in strain EGDe (Guinane et al. 2006; Rismondo et al. 2015) . Assessments with other antimicrobial compounds (tetracycline, trimethoprim, the cell wall-active antimicrobial vancomycin and the quaternary ammonium disinfectant benzalkonium chloride) indicated enhanced susceptibility of the mutant only to the wall-active antimicrobial vancomycin (Table 2 ) while susceptibility to the others was not altered.
To confirm the role of pbp4 in tolerance both to β-lactam antibiotic tolerance and to copper, genetic complementation of G2B4 was employed via chromosomally integrated pPL2 harboring pbp4. Indeed, the genetically complemented construct G2B4::pbp exhibited wild-type levels of tolerance not only to penicillin, ampicillin and ceftiofur but also to copper, while no tolerance restoration was observed with G2B4 harboring the empty vector, G2B4::ppl2 ( Fig. 1 and Table 2 ). Tolerance of G2B4::pbp to vancomycin was also restored to wild-type levels (Table 2 ). These results confirm that the reduced tolerance levels of G2B4 both to copper and to wall-active antimicrobials were due to inactivation of pbp4, and not to possible upstream or downstream polar effects of the transposon insertion or to unidentified mutations elsewhere in the chromosome.
G2B4 was indistinguishable from 2011L-2858 in colony morphology, hemolysis, phage susceptibility, resistance to saltinduced osmotic stress or growth at 4
• C, 25
• C or 37
• C, but it exhibited elongated cell morphology and the tendency to form chains of cells (Fig. S1 , Supporting Information). Genetic complementation of G2B4 restored wild-type cell morphology while ablating chain formation. Similar to our findings, Guinane et al. (2006) and Gravesen et al. (2004) noted elongated cell morphology and the tendency of lmo2229-deficient mutants of strain EGDe to form chains of three or more cells, while no cell morphology changes were noted in pbp4 mutants in other studies (ZawadskaSkomial et al. 2006; Rismondo et al. 2015) . Furthermore, we detected no impact of pbp4 inactivation on growth under standard laboratory conditions at 4
• C, similar to findings by others (Guinane et al. 2006) , while some reduction in growth was noted in other studies (Zawadzka-Skomial et al. 2006; Rismondo et al. 2015) . Differences in strains, mutation type, growth phase and other conditions may contribute to the different findings.
pbp4 is not induced in the presence of copper
Given the unexpected impact of pbp4 inactivation on copper tolerance, transcriptional analysis via qPCR was pursued to assess possible induction of pbp4 upon copper exposure. Transcript levels of pbp4 were similar (0.22-fold change, SE = 0.16) in cells exposed to copper (3 mM copper sulfate) and unexposed controls, suggesting that pbp4 was constitutively expressed at 37
global transcriptional analysis of Enterococcus faecalis upon exposure to copper and other metals also failed to reveal differential expression of pbp4 and other PBP-encoding genes (Abrantes, de Fátima Lopes and Kok 2011) . It is possible that pbp4 expression might be induced under different conditions, e.g. at different levels and duration of copper exposure, or at different temperatures or growth phase; growth phase has been found to impact the expression of other PBP-encoding genes of L. monocytogenes (Begley, Hill and Ross 2006) . RT PCR experiments using mutant and wild-type RNA showed that PCR products spanning pbp4 and the lmo2228 homolog could not be obtained (Fig. S2, Supporting Information) , indicating that pbp4 and lmo2228 homolog are not cotranscribed. Together with in silico analysis and the genetic complementation results, these findings support the conclusion that pbp4 is transcribed independently of adjacent downstream genes, and that the phenotype of the mutant G2B4 is not due to polar effects of the transposon insertion in pbp4.
Inactivation of pbp4 reduces biofilm formation but does not impact produce colonization
G2B4 produced significantly less biofilm than its wild-type counterpart at 37
• C (P < 0.0001) as well as at 25
• C (P = 0.03) (Fig. 3) .
Biofilm levels were fully restored upon genetic complementation of G2B4 (Fig. 3) . Screens for biofilm-impaired transposon mutants of strain EGDe previously identified pbp4 among genes putatively required for biofilm formation (Chang et al. 2012) . Potential connections between the roles of pbp4 in copper homeostasis and biofilm formation remain to be elucidated. It is worthy of note that in another Gram-positive pathogen, Figure 3 . Impact of pbp4 inactivation on L. monocytogenes biofilm formation. Biofilm assays were as described in Materials and Methods with biofilms established at 25
• C (blue bars) or 37
• C (red bars). Data are from at least three independent trials. Statistically significant differences are denoted by differing letters above each bar. Table S1 , Supporting Information.
P-values for each comparison are listed in
Streptococcus mutans, genes associated with copper homeostasis impacted not only copper tolerance but also other adaptations, including biofilm formation (Singh et al. 2015) . Despite negative impacts on biofilm formation, however, there was no observed impact of pbp4 inactivation on adherence or growth of the bacteria on cantaloupe rind (Figs S3 and S4, Supporting Information).
Inactivation of pbp4 reduces virulence in Galleria mellonella
G2B4 was found to cause significantly lower mortality in G. mellonella than the parental strain (P = 0.0375), with virulence fully restored upon genetic complementation (Fig. 4) . Previous studies also reported that a pbp4 mutant of strain EGDe exhibited reduced virulence in a murine intraperitoneal infection model (Guinane et al. 2006) , while impacts on the invasion of mammalian cells in culture varied between different studies (Guinane et al. 2006; Rismondo et al. 2015) . Decreased virulence was also shown with a different copper homeostasis determinant, the plasmid-associated copper efflux ATPase ctpA (Francis and Thomas 1997) . A ctpA deletion mutant was indistinguishable from the wild type in cell culture models but was much more rapidly cleared from the liver of infected mice than the parental strain (Francis and Thomas 1997) . Mechanisms via which the increased copper sensitivity of pbp4 and ctpA mutants may contribute to their observed virulence impairment remain to be characterized. In vivo, copper is employed in immune responses against certain pathogens, including L. monocytogenes (Samanovic et al. 2012; Jesse, Roberts and Cavet 2014) . It is thus conceivable that increased susceptibility to copper might make bacteria more susceptible to these immune responses, suggesting a possible mechanism for the decreased virulence of mutants with impaired tolerance to copper.
Increased sensitivity to copper mediated by inactivation of pbp4 is not the result of increased intracellular levels of copper
To date nine PBPs have been identified in L. monocytogenes, representing classes A, B and C (Krawczyk-Balska, Popowska and Markiewicz 2012) . pbp4 is a Class B penicillin-binding protein capable of both transpeptidase and glycosyltransferase activity (Zawadzka-Skomial et al. 2006; Korsak et al. 2010) . NCBI BLASTp analysis of the deduced amino acid sequence of pbp4 in strain 2011L-2858 revealed the transpeptidase and glycosyltransferase activity domains identified in previous studies (Zawadzka-Skomial et al. 2006) . The extensively characterized pbp4 of strain EGDe (lmo2229) (Gravesen et al. 2004; Guinane et al. 2006; Zawadzka-Skomial et al. 2006; Krawczyk-Balska, Popowska and Markiewicz 2012; Rismondo et al. 2015) and its homolog in 2011L-2858 had 96.78% identity at the nt sequence level, with 99.86% identity (one amino acid difference) at the amino-acid sequence level.
Even though a role of pbp4 in tolerance to penicillin and other cell wall-active antibiotics might be expected, its involvement in tolerance to copper was surprising. The deduced pbp4 polypeptide sequence lacks known metal-binding domains, or even cysteine residues, key elements of metal-binding domains (Banci et al. 2006) , rendering it unlikely that pbp4 interacts directly with metal cations. Atomic absorption spectrophotometric analysis indicated that intracellular levels of copper were not significantly different between G2B4 and 2011L-2858 (Fig. S5 , Supporting Information), further suggesting that the impaired copper tolerance of G2B4 was not the result of excess levels of intracellular copper, as might result from impaired efflux. Indeed, copper MIC of the parental strain was only moderately reduced (from 12mM to 10mM) in the presence of the efflux inhibitor reserpine, with a similar reduction noted with G2B4 (from 6mM to 4mM). These findings suggest that efflux plays a role in the copper homeostasis of 2011L-2858 but does not fully account for the mutant's impaired tolerance to copper.
In Gram-positive organisms such as L. monocytogenes, peptidoglycan functions in conjunction with teichoic acids to bind mono and divalent metal ions, facilitating ion trafficking to the membrane under normal conditions and potentially serving to sequester excess metal ions at toxic levels (Neuhaus and Baddiley 2003; Abrantes, de Fátima Lopes and Kok 2011) . It is possible that altered cell wall composition in the absence of a functional pbp4 may facilitate access of copper ions to the cell membrane, considered to be the major target for copper toxicity in L. monocytogenes (Yousuf, Ahire and Dicks 2016) . It is also conceivable that pbp4 mediates copper tolerance in L. monocytogenes via interactions with other proteins involved in copper homeostasis; for instance, in Caulobacter crescentus a PBP was demonstrated to impact copper tolerance by anchoring the extracellular stalk protein StpX, which in turn mediated copper and zinc homeostasis (Hughes et al. 2013) . Several putative copper homeostasis determinants have been annotated in L. monocytogenes (Francis and Thomas 1997; Kuenne et al. 2010; Corbett et al. 2011; Chang et al. 2014) .
In view of the enhanced susceptibility of the pbp4 mutant to copper and β-lactam antibiotics, the design of interventions to inactivate pbp4 could be strategically utilized for L. monocytogenes control in vivo or in the environment. A comparative proteomic study of proteins essential for L. monocytogenes but absent in the human proteome identified 168 candidates that were then assessed for their potential as drug targets, with pbp4 emerging as one of the best candidates on the basis of several pharmacological criteria (Sarangi, Lohani and Aggarwal 2015) . Such findings suggest that novel drug interventions specifically targeting pbp4 are highly feasible. pbp4 inhibitors would have the potential to enhance susceptibility of L. monocytogenes to β-lactams or copper, thus reducing the levels of the antimicrobials required for effective control, or resulting in increased efficacy of currently used levels.
In this work, we established an unexpected link between a penicillin-binding protein and copper homeostasis in L. monocytogenes. Investigations of the roles of pbp4 and other PBPs in L. monocytogenes have to date been largely focused on tolerance to penicillin and other cell wall-active antimicrobials (Begley, Hill and Ross 2006; Guinane et al. 2006 , ZawadzkaSkomial et al. 2006 Korsak et al. 2010 , Rismondo et al. 2015 Collins et al. 2012) . pbp4 proteins are widely distributed and it will be of interest to determine whether pbp4 impacts copper homeostasis in other bacteria. The extent to which other PBPs may also play roles in copper homeostasis of L. monocytogenes remains to be investigated. Our findings are of special interest in the context of increasing applications in the use of copper as an antimicrobial agent and the continuing challenges with antibiotic resistance in bacterial pathogens; they may inform the development of novel interventions employing lower levels of certain antimicrobial compounds or increasing the efficacy of levels currently in use.
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